Faceted AE3 CSL grain boundaries in silicon were investigated by high-resolution transmission electron microscopy (HRTEM), electron energy-loss spectroscopy (EELS) and ab-initio calculation. A {112} AE3 CSL boundary consisted of two segments which differed in atomic structure. The segment near the connected corner to {111} AE3 CSL boundary showed symmetric structure and the other long segment, being distant region from the corner, showed asymmetric structure. In the symmetric segment a 5-fold coordinated atom presented, which produced a deep state in the band gap. A pronounced shoulder, which could be attributed to the defect state above Fermi level, was detected only in Si-L 23 energy-loss near-edge spectra (ELNES) acquired from the symmetric segment of the {112} AE3 CSL boundary near the CSL junction.
Introduction
Polycrystalline silicon is widely used to make low-cost, high-efficiency and large-area solar cells. However, polycrystalline silicon involves the electrically active localized states in band gap, which deteriorate the conversion efficiency of solar cells. [1] [2] [3] It is well known that the electrical activity of grain boundary depends on the atomic structure of the grain boundary, since the dangling-bonds or extra bonds generates the localized deep state in the band gap. 4, 5) For example, using electron beam-induced current (EBIC) measurements, it has been reported that the AE3 coincidence site lattice (CSL) grain boundaries possess shallow states but the deep states appear at their junction. 6) Recent Kelvin probe microscopy (KFM) measurements also indicate that the CSL junction generates an extensively high potential barrier connected with the presence of the deep states around there. 7, 8) The atomic structures of both the coherent {111} AE3 and incoherent {112} AE3 CSL boundaries have long been studied by experimental [9] [10] [11] [12] and theoretical [13] [14] [15] [16] approaches. In particular, incoherent {112} AE3 CSL boundary shows unique relaxation manner with or without the relative crystal translation of each grains, so called a rigid-body displacement. [17] [18] [19] Recent ab-initio calculation indicated that a silicon atom with an extra bond is presented at the {112} AE3 CSL boundary without the rigid-body displacement. 20, 21) Furthermore, these ab-initio studies also predicted that the obvious localized deep states were generated around the 5-fold coordinated silicon atom.
In the present study, we show the results of high-resolution transmission electron microscopy (HRTEM) and electron energy-loss spectroscopy (EELS) to discuss the electrical activity of the AE3 CSL junction in polycrystalline silicon. Ab-initio electronic structure calculation has also been performed concerning the detailed atomic and electronic structures on the CSL junctions.
Experimental Procedure
A high purity polycrystalline silicon (11 nine grade) ingot was used for the present experiments. The ingot was sliced, cut and mechanically polished until less than 10 mm in thickness, and then ion milled with 3 keV Ar ions in a Gatan Model691 PIPS. An ion beam at a glancing angle of 3 degree to the specimen is sufficient to provide a suitably area of less than 20 nm in thickness. HRTEM was carried out employing JEM-ARM-1300 multi-beam high-voltage transmission electron microscope (MBHVEM) at Hokkaido University. The point to point resolution of the MBHVEM is 0.118 nm. EELS measurements were carried out in a fieldemission transmission electron microscope (JEOL JEM-2010F) operated at 200 kV with a parallel electron energyloss spectrometer (Gatan GIF Model-678). The electron energy loss (EEL) spectra were obtained by focusing an electron beam on the specimens. The diameter of the probe used in the present experiments was estimated to be 1 nm with a sample thickness of 20 nm. All EEL spectra were acquired within 5 s with a dispersion of 0.05 eV per channel and accumulated by one time in order to reduce the readout noise. The measured energy resolution was less than 1.2 eV under this condition. We carefully checked the specimen drift and beam damage before and after the spectrum acquisition. Each spectrum was then smoothed by a low-pass filter of 0.2 eV, and the background was subtracted from the smoothed spectrum.
Ab-initio Calculation
To evaluate the electronic structure of the junction of AE3 CSL boundaries, we applied the ab-initio electronic structure calculation based on density-functional theory 22) (DFT) using a general gradient corrected (GGA) function. 23) A 96-atoms supercell was used to perform the calculation as same as in our previous report. 20) After the atomic structural relaxation, 24) The plane-wave cutoff energy was set to be 16 Ry and the Brillouin zone integration was carried out on equivalent Monkhorst-Pack k-point mesh 25) with special k-points. Figure 1 shows a typical HRTEM image of AE3 CSL grain boundaries observed from h110i direction of silicon. Some pairs of two parallel {111} AE3 CSL boundaries were shown in the figure, and a {112} AE3 CSL boundary exists between termination of a pair of the parallel {111} AE3 CSL boundaries. The EELS measurements of the AE3 CSL boundaries in silicon performed to confirm the electrical activity of the CSL boundaries and their junction. Figure 2 shows the energy-loss near-edge spectra (ELNES) of Si-L 23 edge acquired from a bulk, {112} and {111} AE3 CSL boundaries, and their junction. A pronounced shoulder below 100 eV, which indicated by the arrow in the figure, can be only seen in the Si-L 23 ELNES acquired from the junction of {112} and {111} AE3 CSL boundaries. This shoulder did not appear in the other spectra. It is expected that the pronounced shoulder in the ELNES of the CSL junction could be attributed to the generation of a defect state above Fermi level in the band gap of silicon. In other words, the CSL junction would electrically active and affect the electrical conductivity in polycrystalline silicon. Similar results have been reported by the KFM measurements of potential heights of CSL boundaries in polycrystalline silicon.
Results and Discussions
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Atomic and electronic structure of AE3 CSL junction
As reported in a previous study, 20) the {112} AE3 CSL boundary consisted of two segments which differed in atomic structure. The segment only near the junction to a {111} AE3 CSL boundary showed symmetric structure and the other long segment, being distant region from the corner, showed asymmetric structure. Many reports indicated that the asymmetric (rigid-body translated) structure was most stable configuration of {112} AE3 CSL boundary [13] [14] [15] [16] without any defect state in the band gap of crystalline bulk silicon due to particular atomic structure. 20) This agrees with the EELS results as shown in Fig. 2 ; any change could not be found in the Si-L 23 ELNES acquired from the {112} AE3 CSL boundary and from the bulk.
On the contrary, a new (defect) state in the band gap has been recognized in the symmetric {112} AE3 CSL boundary due to the existence of a 5-fold coordinated silicon atom. 20 ,21) Figure 3 shows an atomic structure model of the symmetric (meta-stable) {112} AE3 CSL boundary near the CSL junction. The 5-fold-coordinated silicon atom, which has four equivalent bonds and one elongated extra bond, is denoted by an arrow in the figure. Another arrow indicates a silicon atom locating at bulk position. Figure 4 shows the sum of the calculated PDOS of s-and d-orbital of the 5-foldcoordinated silicon atom and the atom in bulk. The Si-L 23 ELNES acquired from the CSL junction and from bulk were also superimposed. It was predicted that the 5-fold-coordinated silicon atom produced very strong deep levels in the band gap. The strong peak originates the extra bond of the 5-fold-coordinated silicon. Since the Si-L 23 ELNES reflected the PDOS of sum of the Si-s and Si-d orbital in the conduction band, this strong peak should be reflected in the Si-L 23 ELNES acquired from the CSL junction where the 5-fold-coordinated silicon atom exists. Indeed, the energy difference between the pronounced shoulder and the main peak in the ELNES of the CSL junction (about 1.5 eV) is consistent with the calculated PDOS results. It could be said that the shoulder in the Si-L 23 ELNES acquired from the CSL junction resulted from a formation of the deep defect state originated by the 5-fold-coordinated silicon atom. However, some other sharp peaks were formed in the band gap; they could not be measured in the Si-L 23 ELNES. This contradiction is due to a limitation of the spatial resolution of the electron probe subjected to the EELS measurements. The EEL spectrum acquired from the CSL junction contained the contributions of bulk silicon atoms due to the electron probe size of 1 nm. Then, a spatial difference technique was employed to avoid the influence of the mixture of bulk spectrum. Figure 5 shows a difference spectrum, which is difference between the Si-L 23 ELNES acquired from the CSL junction and bulk silicon, and the calculated PDOS of the 5- fold-coordinated silicon above Fermi level. One can see a fairly good agreement between the difference spectrum and the PDOS concerning both the shape and peak position. It could be said that the shoulder in the Si-L 23 ELNES acquired from the CSL junction resulted from a formation of the deep defect state originated by the 5-fold-coordinated silicon atom.
Summary
The atomic and electronic structures of faceted AE3 CSL boundaries in silicon were investigated by HRTEM, EELS and ab-initio calculation. Near the connected corner between {112} AE3 and {111} AE3 CSL boundaries, 5-fold coordinated atoms were presented, which produced a deep defect state in the band gap. A pronounced shoulder was detected only in Si-L 23 ELNES acquired from the CSL junction, whereas no change was observed in the ELNES acquired from on the CSL boundaries. Analyzing the ab-initio calculated PDOS, it was indicated that the shoulder in the ELNES acquired from the CSL junction resulted from a formation of the deep defect state originated by the 5-fold-coordinated silicon atom.
